Flux reduction due to fouling is the major problem during microfiltration. This study aimed to investigate the role of gas sparging, an effective technique for flux enhancement, on fouling and fouling mechanism during microfiltration pineapple juice and coconut water. A hollow fiber membrane was used and the experiments were performed at cross flow velocity (CFV) of 1.5 mis, transmembrane pressure (TMP) of 0.7 bar for pineapple juice and CFV of 1.6 m/s, TMP of 0.6 bar for coconut water, as varying gas injection factors (e). It was Jound that the fouling mechanism during mlcrofiltration of pineapple juice and coconut water began with complete blocking, followed by an intermediate blocking and finally cake filtration. The use of gas sparging did not affect the sequence of fouling mechanism but affected both intensity duration of these fouling mechanisms.
INTRODUCTION
One of the major limitations of microfiltration in various applications is membrane fouling. The membrane fouling typically manifests it as decay in permeate flux and alteration in membrane selectivity. These changes continue throughout the membrane process and eventually require extensive cleaning or replacement of the membrane [1J. Thus, the fouling in cross-flow microfiltration is a key factor affecting the economic and commercial viability of a membrane * Corresponding to:W. Youravong (email: wirote.y@psu.ac.th) system which essentially depended on the permeate fluxes obtained and their stability with filtration time. To prevent or reduce membrane fouling, severalresearch studies have focused on hydrodynamic improvement method. The effective methods have been recently developed to reduce fouling and! or to enhance permeate flux during microfiltration process such as critical flux operation [2, 3] , backplusing [4] and gas sparging [3J, The gas sparging is one of the techniques that not only successfully enhance the permeate flux during microfiltration and ultrafiltration but also pose less risk Fresh pineapples (Ananus Comosus L. Merr.) were cleaned by tap water. After the shells were peeled by a stainless steel knife, the fresh pineapples were chopped into pieces of 1 em' and the juice was extracted by a hydraulic press. The total soluble solid and pH values of the juice were-in the range of 12.2-14.2°Brix and 3.5~4.0 respectively. The fresh pineapple juice was stored at 4 Q C before use. Before processing with membrane filtration, the pineapple juice was treated with 0.03%(VN) ofcommercialpectinese(Pectinex® ultra SP-L), (PA(EN) at room temperature (25±3T) for 60 min [11] .
Young coconut of 4-5 month old from local farm in Songkhla province, Thailand was used throughout this study. The coconut water obtained from the open nut fruit was collected in a clean container. After that it was filtrated though a cloth sheet to remove large 4 operating parameters present the different fouling and fouling mechanism. Therefore, in order to control the fouling, it is importance to understand its key characters and behavior offouling during microfiltration process.
1his study aimed to understand the role of gas spargirtg on fouling and fouling mechanism during microfiltration of pineapple juice (rich in suspended solid) and coconut water (less suspended solid). The effect ofgas injection factor (e) on fouling mechanism and membrane resistance were also investigated. to the membrane. In addition, the created-gas bubbles are easily to be separated from the process stream [5] . In order to enhance its economy and efficiency, understanding the membrane fouling mechanism is necessary for the further development. There are several factors, affecting the fouling and fouling mechanism during micro filtration process such as the cross-flow velocity (CFV), transmembrane pressure (TMP), membrane properties, feed properties etc. The effect of CFV and TMP on the fouling mechanisms during ultrafiltration of polyethylene glycol (PEG) was studied [6] .1he result showed that the best fitted model ofexperimental data corresponded to the cake layer formation model followed by the intermediate blocking model. Moreover, they found that the fouling mechanism depended on the operating conditions. For example, cake layer formation was only observed at the highest TMP and the lowest CFY. For fouling mechanism of pineapple juice, complete pore blocking predominated in the ceramic membrane while cake formation predominated in hollow fiber membranes [7J. The fouling mechanism of kiwifruit juice dominated by cake formation [8] . Fouling mechanism of low-concentration-non leaving yeast suspension was intermediate blocking at the beginning of the filtration followed by cake formation [9J.The feed concentration plays an important role in fouling mechanism during microfiltration of polysaccharide [10] . The cake filtration model appear to fit at a low concentration of polysaccharide solution (20 mg/l) while with higher concentration, identification of the predominant fouling mechanism was difficult. As mention above, the difference of feed solution and 
EXPERIMENTAL

Models ofMembrane Fouling
Generally, permeate flux of micro filtration process can be described by Darcy's Law as follow:
In these models, k" k p k b , k c are constant relating to each model respectively, t is the filtration time andJ o is the initial permeate flux.The fouling mechanism can be analyzed by fitting experimental data to Equations (2), (3), (4) and (5). The linear stages in the figures based on these equations indicate the type and duration of the fouling. Four constant pressure blocking filtratio~1 laws including standard blocking (each particle arriving to the membrane deposits onto the internal pore waIls leading to a decrease of pore volume), intermediate blocking (each particle can settle on other particle previously arrived and already blocking some pores or it can also directly block some membrane area), complete blocking (each particle reaching the membrane blocks a pore) and cake filtration '(particles deposit onto the membrane surface and a filter cake forms are directly applicable for description of flux decline during deadend membrane filtration [12] . By modification of the relevant mass balance, the equivalent equations as follows have also been obtained for description of flux decline during cross flow membrane filtration [13, 14] .
Standard blocking model:
Microflitration System
The membrane system used was a polysulfone hollow fiber module (Amersham Biosciences, UK) with a fiber diameter and length of 1 mm. and 30 em. respectively. 'Themembrane pore size was 0.2 urn for pineapple juice and 0.1 urn for coconut water. The effective membrane area was 0.011 m''. The membrane system consisted of a 8 liter stainless steel jacket-feed tank, variable-feed pump (Leeson, USA) and transducers (MBS 3000, Danfoss, Denmark) for pressure measurement of the feed, retentate and permeate. The temperature of the feed was controlled by circulating cooling water through a jacket-feed tank. The CFV and TMP were controlled . using needle permeate valve and variable speed-feed pump. The balance (GF-3000,A&D,Japan),connecting the computer was used to measure the permeate flux. The compressed nitrogen gas Was injected into the inlet of feed pipe through a Y tube tubular piece. The gas flow rate was controlled and measured by a gas flow meter (RMB-50D-SSV, Dwyer, USA) combined with pressure gauge (2419-2C-P, CKD, Japan), The gasliquid dual flow pattern depends on the gas injection factor (e) which equals to U/ (U g + U). if, and u, are the superficial gas and liquid flow rate or flow velocity, respectively.The dual flow pattern changes from bubble flow (0 < e < 0.2) over-slugflow (0.2 < e < 0.9) to annular flow (0.9 < e < 1.0) [5] .ln this study, thee applied were 0,0.15,0.25 and 0.35, varying from bubble flow to slug flow. The experiments were performed at the CFV of 1.5 mls and theTMP of 0.7 bar for pineapple juice and CFV of 1.6 mis, TMP of 0.6 bar for coconut water.
All experiments were carried out at a temperature of 20°C. Both permeate .and retentate were recycled back to the feed tank. Therefore, the concentration in the feed remained constant. solid particles which may block the inlet lumen of the hollow fiber membrane. The total soluble solid in the coconut water obtained was in the range of 5-7 'Brix.
Particle size distribution in pineapple juice and coconut water was detected by a Laser Particle Size Analyzer (LS230, Beckman Coulter, USA). The mean particle size was about 58.92 urn for pineapple juice and 25 [lm for coconut water (Figure 1 ). It is important to note that the concentration ofsuspended particle in pineapple juice was much higher than that of coconut water.
Membrane Fouling and Resistances Analysis
The resistance to the permeate flow during microfiltration was defined by Darcy's law (Equation 1). The total resistance is divided as follows, (6) (7) where Rtis the sum ofRm (membrane resistance),R,t (the resistance caused by reversible fouling) and Rif (the resistance caused by irreversible fouling). Furthermore, Rifis divided into two types, Rij-!n (the resistance caused by internal irreversible fouling) and Rij_,x (the resistance caused byexternal irreversiblefouling). Inthis study,R'f was defined as the fouling which could be removed by water flushing.The residual fouling after water flushing was Rifaud it was furthercleaned by chemical cleaning.
The resistance defined by equation (6) and (7) After that the Rij~i"was removed by circulating 50 ppm. ofNaOCl at50 "C,TMPofO.3 bar and CFV of I.a m/s for at least 40 min. With R 1 obtained after filtration of juice, use of equation (1) and the results from cleaning procedure combining with equation (6) and (7) aUtypes of resistances could be worked out. Figure 2 shows the permeate flux profile during microfiltration of pineapple juice (a) and coconut water (b) with various E. The result showed that the gas sparging could significantly enhance permeate flux during running time of 2 hours under total recycle mode. It was observed that a steady flux was improved as e increase. The whole microfiltration process could be divided into two stages, i.e. 2.E-04
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Figure2 Effect of gas sparging on permeate flux during the microfiltration of pineapple juice at CFV =1.5m/s, TMP =0.7 bar (a) and coconut water CFV",1.6 mis, TMP= 0.6 bar (b) with various E (0, E ' = 0; 0, E '" 0. 15; 6,' =0.25; x,, =0.35) pineapple was higher than that ofcoconut water. Since the pineapple juice contained larger particle size and higher concentration of suspended solid than coconut water, thus more severe concentration polarization was expected. It have been suggested that the mechanism of flux enhancement is related to' the disruption of the concentration polarizati.on layer and improved mass transfer [5].
Effect of Gas Spargtng on Fouling
Mechanism
In practice, all fouling phenomena, e.g. adsorption, pore blocking and cake layer formation might occur simultaneously because of the complexity of the feed composition, operating conditions and membrane properties. However it is possible to detect one or more dominant fouling mechanisms at different state of membrane filtration process. In this study the experimental data was tested with fouljng models, expressed by equation (2) to (5). The selected linear phase of the curves,indicated the intensity and duration of fouling was also analyzed.
'The fitting of experimental data to these models permit to distinguish if the permeate flux decline is controlled by cake layer formation Of pore blocking.
When pore blocking occurs, it can take place inside the pores (standard blocking) or outside them (intermediate and complete blocking). It has been proved that the fouling should start "With a complete blocking followed by an intermediate blocking and a cake filtration process if the molecule is much greater than the pore [15J. Most particle size ofpineapple juice and coconut water ranged from 0.9 to 100 urn and 0.9 to 80~lm respectively (the smaller and larger particles were negligible). Comparing to the mean membrane pore size used (0;1 and 0.2 urn), the sizes of suspended particles and their possible aggregates were much larger than the membrane pore size. Figure 3 and 4 show the fitting of the experimental results to the complete blocking model of pineapple juice and coconut water. according equation (4). It could be seen that only the data at the initial short period could be fitted to the complete blocking model. 'The linear phase was defined with coefficient oflinear regression (R 2 ) , shown in Table L 'Ihe duration of complete blocking stage of pineapple juice and coconut water was about 5-6 min from the beginning of the microfiltration (Table 2) .1he R b (equation 4) of both feeds slightly decreased as the gas injection factor increase. 'The reason was probably due to the higher E present more bubble near the membrane surface, reducing the attachment of particle on the membrane pore. According to the mechanism of complete blocking, a clean membrane surface is required.to allow the blocking ofthe membrane pore by The cake layer fouling mechanism occurs when solute molecules are much greater than the membrane pore. Consequently, they are unable to enter the membrane pores.' Some of the main factors that have the main influence on the cake layer resistance are: molecular deformation, cake compression and cake layer thickness [6] . Generally, the dominant fouling mechanism would be cake filtration at the end of filtration if a steady permeate flux is achieved. In this study, the steady fluxes were observed. The data of flux were fitted to the cake filtration model from the end of the runs (Figure 5 and 6 ). All data could fit to cake filtration model with defined coefficient of linear regression at the end ofmicrofiltration processes. It was observed that the stages dominated by cake filtration occurred earlier when gas spargingwas applied ( Figure  5b and 6b. The initial points of defined cake filtration stages dominated at the filtration time of 1.3,1.2, 1.1 and 0.9 h (pineapple juice, Figure 5b ) and 1.0,0.84, 0.75 and 0.67 h (cocortutwater, Figure 6b 
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higher of e produced the higher the vertex of the particle near the membrane surface leading to less compact of the cake.Therefore, the higher steady flux was observed when E was increased. The result suggested that the higher e significantly reduced the cake formation on the membrane surface [16J.111is reason could be explained by both solvent mass transportation and solute mass transportation. Gas induced bubbles in the flow channel could increase turbulence leading to flux enhancement. The reduction of k c was in accordance with the studied of [17] . They found that the k, decreased when the higher CFV during microfiltration of pineapple wine was applied. Comparing to k, between the two juices, the k, of pineapple juice was much higher than the k, of coconut water. The reason was due to the pineapple juice had more severe particles and foulants than that the coconut water, therefore it was more cake, formed on the membrane surface.
Apart from the complete blocking dominated stage and cake filtration dominated stages, the dominant fouling should be intermediate blocking in the middle of microfiltration process [15] . 1.60E+07
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The dominant fouling mechanism changes with time. It could be supposed that the fouling mechanism is relatively simple at the beginning of the process with a cleaned membrane and at the end of the process with a stable fouling layer on the membrane surface. In this study, the complete blocking mechanism appeared to be the major part of microfiltration process during the permeate flux decline period while cake filtration dominated during the steady flux period. However, the fouling mechanism of different feed solution and operating condition could influence the different of fouling mechanism.
Effect ofGas Spargingon Fouling Resistance
According to the above analysis, an increasing in e seems to be an effective way for enhancing the permeate flux. The effect of gas sparging on membrane resistance of pineapple juice and coconut water are shown in Table  3 and 4. It could be seen that R t , R,jand Rif_,x decreased with increasing of E, The results indicated that the gas bubbling reduced concentration polarization and formation of fouling layer on the membrane surface leading to a decrease in fouling resistant (Table 3 and  4) . Generally the reversible fouling (e.g. loss layer caused by accumulation of solutes on the membrane surface) is sensitive to the hydrodynamic conditions Table3 Membrane fouling during microfiltration ofpineapple juice with total recycle mode at various gas injection factor at CFVOf1.5m/s TMP 0.7 All fouling resistance of pineapple juice was higher than the fouling ofcoconut water. This could be due to the higher foulants and larger particles and molecules contained in pineapple juice. However Rij-in did not change when the different e were applied. These results indicated that the gas sparging had rio effect on internal fouJing of both feed.
CONCLUSIONS
The dominant fouling mechanism of pineapple juice and coconut water were complete pore blocking followed by an intermediate blocking and then a cake filtration process. The complete blocking was the major reason for the flux decline period while the cake filtration dominated during the steady flux period. Gas sparging did not affect the sequence of fouling mechanism, but affectedboth intensive and duration of different fouling mechanism. For pineapple juices, increase in e led to a decrease in fouling intensity or kinetic constant. It was probably due to the higher of e produced the higher the vertex ofthe particle near the membrane surface leading to less compact of the cake. The use of E at 0.35 could remarkable reduce fouling resistant. It was important to note that gas sparging played an important role in reduction of the R; Refand Rij-fxbut the Ri/_ i1l ' Regarding this result, the other techniques need to be developed to reduce the internal fouling.
